The multistage process of borohydride oxidation in an 8 e-reaction to borate at a Au electrode has been studied by means of fast-scan cyclic voltammetry (CV) and scanning electrochemical microscopy (SECM). The total irreversibility of this process observed previously is shown to be a result of the presence of very unstable intermediates. CV measurements showed that at least two stages of the process are quasi-reversible, and the presence of a coupled homogeneous chemical reaction was proved by SECM. The rate constant for this reaction as well as the electrochemical kinetic parameters for the first stage of oxidation are evaluated using digital simulation. The adsorption of the electroactive species associated with the first two-electron stage of the oxidation becomes apparent at scan rates higher than 200 V/s. A very small fractional surface coverage (estimated to be less than 0.001) is shown to produce CV waves characteristic of adsorption-rather than diffusion-controlled processes. The second chemical stage of this process is much faster than the first. The oxidation of borohydride at a gold anode is shown to have a different mechanism than that proposed earlier for a platinum electrode.
We describe here a study of the electrochemical oxidation of borohydride (or tetrahydroborate), BH;, at a gold electrode and the use of ultramicroelectrodes and fast techniques to study this complex process. Electrochemical oxidation of sodium borohydride and its derivatives in aqueous solutions was a subject of several detailed studies as described in a previous review 1. In earlier studies 2-8, carried out in the 1950s and 1960s, fast electrochemical techniques were not available to study rapid chemical stages and detect unstable intermediates. Interest in this process arises from its possible application as an anodic "fuel" in a battery, its role in electroless deposition (e.g., of Au), and the challenge of elucidating a complicated (irreversible 8e-) electrode reaction BH~ + 8 OH----> BO2 + 6H20 + 8 e- [1] Study of aqueous solutions of BH; is complicated by its rapid reaction with water (termed hydrolysis) at pHs below about 12 k 1 BH; + H20 -+ BH3OH-+ Ha
[2] k 2 BH3OH-+ H20 ~ BO; + 3Ha [3] The first reaction results in the appearance of BH3OH-, which can be oxidized at more negative potentials than borohydride. The product of the second reaction, borate, is not electroactive. A result of hydrolysis is the loss of BH; and the appearance of the intermediate BH3OH-in solutions whose pH is not sufficiently high. The rates of these electron-transfer reactions strongly depend on the nature of the electrode material, and in particular its ability to catalyze hydrogen evolution. This becomes clear when comparing cyclic voltammetry (CV) results obtained at gold (noncatalytic) and platinum (catalytic) electrodes. The oxidation at Au occurs in a single well-shaped peak, but at Pt several overlapping peaks appear 9. In spite of these differences, in most studies (excluding Ref. 8) BH3OH-ion was proposed as an intermediate during oxidation at Pt 3, Pd*, Au v, or Hg 5 anodes. This species can appear as a result of the hydrolysis ~7 or as a product of the first stage of the electro-oxidation process 3, 4. This intermediate was proposed to be bound to platinum 3, as well as to the gold surface 7. Our previous studies 9,10 showed that the choice of the noncatalytic gold electrode and a concentration of OH sufficiently high to eliminate hydrolysis provides the most reliable way for studying kinetics of the rather complicated oxidation of borohydride. To our knowledge the only previous study of this process with a Au anode was reported by Okinaka 7 . The conditions of that experiment (T = 75~ and 0.2M KOH as a supporting electrolyte) allowed a significant rate of borohydride hydrolysis, and therefore a direct comparison to our results is not possible. The fast CV studies at a Au microelectrode reported here * Electrochemical Society Student Member. ** Electrochemical Society Life Member. allowed the direct observation, for the first time, of an intermediate in the anodic process. We found, however, that fast CV studies are limited by the effects of very small amounts of adsorption of reactant or intermediate, as well as a high sensitivity to heterogeneous kinetics. Generation/collection (G/C) experiments with the scanning electrochemical microscope (SECM) are also described.
Experimental
Reagents.--NaBH4 (Aldrich Chemical Company, Milwaukee, WI) and NaOH (Baker Analyzed, J. T. Baker Inc., Phillipsburg, N J) were used without further purification. All solutions were prepared with deionized water (Milli-Q, Millipore Corp.)
Electrodes.--Two Au microdisks (12.5 and 50 ~m diam) encased in glass were used as working electrodes in CV experiments; the counterelectrode was a 5 mm diam Au disk. Before each CV experiment, the microdisk was polished on nylon cloth with 0.25 ~m diamond paste (Buehler Ltd, Lake Bluff, IL). Potentials were always measured vs. a Hg/Hg2SO4/sat. K2SO4 reference electrode (SMSE).
The SECM tip was prepared from 10 ~m diam gold wire as described previously 11. The substrate electrode (a 100 ~m diam gold disk sealed in a glass tube) was placed in the Teflon cell through the hole drilled in its bottom. It was critical for this experiment that the cell and electrodes were composed only of Teflon and glass without any kind of epoxy cement or other sealant, since preliminary experiments showed that a tiny amount of epoxy cement dissolves in a strongly alkaline solution and then adsorbs on and blocks the tip surface. Impurity adsorption on the much larger substrate surface of larger Au electrodes is less important. The use of a microelectrode substrate permitted biasing with a low current potentiostat with quasisteady-state conditions at the substrate during the generation/collection experiments. Both the tip and substrate electrodes were polished with 0.05 t~m alumina on felt (Buehler Ltd, Lake Bluff, IL). The auxiliary electrode in SECM was a 0.5 mm diam Au wire. 
SECM apparatus.--A four-electrode potentiostat EL-400
(Ensman Instruments, Bloomington, IN) was used for independent control of the tip and substrate potentials. SECM procedure.--Unlike the previous work where SECM was used for kinetic measurements iv, 18, we could not work in a feedback mode 19, because only very small or no positive feedback currents could be obtained with the highly unstable intermediate produced in this experiment. This small feedback current is difficult to measure on top of the much larger diffusion-controlled tip current flowing during a feedback SECM experiment. Thus the measurements were done in a G/C mode 13-'5. The tip electrode biased at -1.3 V (the potential at which no oxidation of BH~ occurs, see Fig. 1 ) very slowly approached the substrate surface until a large current increase indicated electric contact between two working electrodes. The tip was then moved away from the substrate until a sharp decrease of the current was noted. This procedure allowed the minimum tip/substrate spacing achievable in this experiment. At this point the dependence of the tip current on substrate potential was recorded. Tip current/distance curves obtained with the same electrodes but in the presence of a reversible mediator [K3Fe(CN)6] in the solution showed that the minimum tip/substrate distance in the G/C experiment was approximately 1 ~m. Other details of the SECM apparatus have been described previously11.13.16.
Results and Discussion
Cyclic voltammetry.--In a previous study 9, we showed that slow scan (100 mV/s) voltammograms of borohydride oxidation at a gold electrode possess the shape typical of a simple irreversible electrode reaction. Analogously, with a microdisk electrode a well-defined steady-state CV is found (Fig. 1) . In a concentrated alkaline solution (1M NaOH), the rate of the borohydride hydrolysis is negligible ~, and one can expect the number of electrons involved in this process (n) to be close to 8. In fact, using the borohydride diffusion coefficient value D = 1.6 • 10-5 cm2/s 10, we found n ~ 7.9 from the limiting current given by Eq. 4
At higher v, a nonsteady-state CV (Fig. 2) , which consists of a single anodic peak quite similar to that observed at a large electrode 9, is obtained. A further increase in v led to the noticeable change of the CV shape (Fig. 3a) ; a new anodic peak appeared at more negative potentials than the main wave, with a corresponding small cathodic peak on reversal. At v = 100 V/s (Fig. 3b) , the new anodic peak became better defined, while the cathodic peak increased. At v of about 200 V/s, the ratio of their heights, ipJipa, tends to unity (Fig. 4a) . When the reversal potential was placed between the two anodic peaks (Fig. 4b) , the height and the position of the cathodic peak were the same as those with reversal after the second anodic peak. Therefore this cathodic peak is due to the reduction of some product of the first stage of the electro-oxidation. The position of this pair of peaks (which depends slightly on scan rate) and the ipJipa ratio suggests quasi-reversibility of the first electron transfer. Applying the well-known equation of a reversible voltammogram 2~ to the anodic peak current, we have found n ~ 1.8, which is in good agreement with n = 2, a value that has been proposed for the first stage of borohydride oxidation 3,8. The product of this stage is very unstable and accounts for the absence of a cathodic peak in slow-scan voltammograms. This intermediate cannot be BH3OH-, which was proposed previously 3, 4 and also forms during hydrolysis, because that ion is fairly stable (the half-life time in an alkaline medium was estimated to be more than 3 h ~ and is nonreducible in the given potential region 7. Our CV is different from the voltammogram of the mixture of BH~ and BH3OH-shown in Ref. 7 (v = 5.56 mV/s), where strong adsorption of BH3OH-and two anodic peaks are observed. We believe the most likely mechanism of this stage is the ECE sequence BH~ -e-~ BH~ BH~ + OH-~ BH~ + H20 (very fast)
BH~ -e-~-BH3 (E) [5] (C) [6] (E) [7] This mechanism, analogous to the sequence found for quinone/hydroquinone, is similar to that suggested by Tasaka et al. 8 for this process at a Pd electrode (Pd electrodeposited on a porous Ni substrate). However, they did not see any reversible stage, since their technique was not fast enough to detect the 2 e-reaction product. Monoborane should react rapidly with water or OH-2~ and dimerize to diborane. The products of these reactions presumably are oxidized further to finally produce an 8 e-wave. The disappearance of BH3 results in the irreversibility seen at slow scan rates.
Scanning electrochemical microscopy.--When used in
the G/C mode, a SECM can detect at the tip electrode products or intermediates generated at the substrate (or vise versa) in a manner analogous to the approach used at the rotating ring-disk electrode. The basic approach used is shown in Fig. 5 . In this study we used SECM to find out whether the intermediates generated in the 2 e-wave react on the anode surface or diffuse into the solution and participate in a homogeneous reaction. If the intermediates leave the substrate, the G/C experiment described above should show a reduction current at the tip electrode. A plot of the currents at the substrate (is) and tip (iT) in the SECM G/C mode as a function of the potential are given in Fig. 6 . As expected, the cathodic iT was observed only when the substrate potential was in the region of borohydride oxidation. Obviously, this effect can be observed only if the tip/ substrate distance is so small that the intermediate particle Digital simulations of voltammograms.--To gain a better understanding of the reaction mechanism, and especially the stability and adsorption of the proposed intermediate, digital simulations of the fast-scan CV were undertaken. The fast quasi-explicit finite-difference method (FQEFD) followed that of Feldberg 22 and assumed that the sequence given in Eq. 5-7 could be considered as a single 2 e-transfer reaction, e.g., Eq. 9 (since quasi-reversible behavior is seen at fast scan rates), followed by irreversible decomposition of BH3 BH 4 + OH-~ BHs + H20 + 2 e- [9] The decomposition of intermediate was assumed .to produce no species that were electroactive at the potentials of the first (n = 2) wave. Thus the situation was approximated by an EqCi mechanism for the first stage of the oxidation.
The following values of the standard electrochemical rate constant, ks = 0.27 cm/s, the transfer coefficient, a = 0.5, the formal potential, E ~ = -0.886 V vs. SMSE, and the decomposition rate constant of the intermediate, k = 250 s -] provided an acceptable fit of the theoretical and experimental curves for v from 50 V/s to 200 V/s (Fig. 3b, 4b) . However, for scan rates at or above 500 V/s, significant deviations between experiment and theory occur. Coincidence between the experimentally obtained ip,/V ~/2 vs. v ~/2 plot and the theoretical curve for EqCi mechanism (where, the current function, • = ir](FAc*FD~; c* is the bulk concentration) is also observed at v -< 200 V/s (Fig. 7a) . At higher scan rates, • rather than being only slightly dependent on v, increases linearly with v 1/2. This is a well-known indication of reactant adsorption 23, 24. This fact, together with the analogous linear dependence of ipJV m vs. v 112 (Fig. 7b) at high v, suggests that adsorption of both participants occurs during this electrochemical stage. However, there are no specific criteria for determining from the CV data whether O, R, or both species are adsorbed, even in the case of uncomplicated electron transer 24. The coverage of the electrode by the adsorbed species can be estimated by the equation 2s
Substitution of the • 1~ value, which is equal to the slope of the linear part of the curve 7a, into Eq. 10, yields F* = 4 x 10 -1~ moYcm 2. Now one can estimate the fractional surface coverage using the formula O = F*NAS [11] where NA = 6.02 X 102~ mo1-1 is Avogadro's number and S is the cross-sectional area of an adsorbed species. The last parameter can be assumed to be no more than 3 x 10 -19 cm a using the values of B-H bond length = 1.25 A and Further increases in scan rate (Fig. 8 ) led to the appearance of the second cathodic peak, indicating that a second stage of the oxidation is also reversible. Since the scan rate necessary for observing the reduction of this intermediate is about 100 times higher than that of the previous case, the chemical reaction responsible for kinetic irreversibility of this stage is much faster. Unfortunately, at a scan rate of about 104 V/s we are still unable to split the main anodic peak which should correspond to a six-electron transfer process. At the higher v, this peak displaces to a more extreme potential region where the oxidation of gold occurs. Therefore in the faster voltammogram one can see only the initial two-electron stage (Fig. 9) . These reversible chargetransfer processes cannot be attributed to hydrogen evolution 3, e, because this reaction is irreversible on gold electrodes.
Conclusions
The electro-oxidation of borohydride in strongly alkaline media has traditionally been described as a thermodynamically irreversible processL However, by fast CV one can distinguish at least two reversible electrochemical stages. The overall (kinetic) irreversibility of the process is caused by very unstable intermediate products that can be reduced only under conditions of a sufficiently fast electrochemical method. Although the process forming this intermediate is a 2 e-process, the first intermediate cannot be the rather stable BH3OH-, as previously suggested. Instead we propose a borane-species, e.g., BH3, or B2H6. active species associated with the first two-electron stage of the oxidation becomes apparent and leads to the linear dependence of the peak current on scan rate. A very small surface coverage (estimated to be less than 0.001) is shown to be enough to produce adsorption-rather than diffusioncontrolled voltammetric behavior. The rate of a second chemical stage is much higher and could not be determined in these experiments.
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